Corneal collagen cross-linking (CXL) halts human corneal ectasias progression by increasing stromal mechanical stiffness. Although some reports describe that this procedure is effective in dealing with some infectious and immunologic corneal thinning diseases, there is a need for more animal models whose corneal thickness more closely resemble those occurring in these patients. To meet this need, we describe here high-intensity protocols that are safe and effective for obtaining CXL in rat corneas. Initially, a range of potentially effective UVA doses were evaluated based on their effectiveness in increasing tissue enzymatic resistance to dissolution. At UVA doses higher than a threshold level of 0.54 J/cm 2 , resistance to enzymatic digestion increased relative to that in non-irradiated corneas. Based on the theoretical threshold CXL dose, a CXL regimen was established in which the UVA tissue irradiance was 9 mW/cm 2 , which was delivered at doses of either 2.16, 2.7 or 3.24 J/ cm 2 . Their dose dependent effects were evaluated on ocular surface morphological integrity, keratocyte apoptotic frequency, tissue thickness and endothelial cell layer density. Doses of 2.16 and 2.7 J/cm 2 transiently decreased normal corneal transparency and increased thickness. These effects were fully reversed after 14 days. In contrast, 3.24 J/cm 2 had more irreversible side effects. Three days after treatment, apoptotic frequency in the CXL-2.16 group was lower than that at higher doses. Endothelial cell losses remained evident only in the CXL-3.24 group at 42 days posttreatment. Stromal fiber thickening was evident in all the CXL-treated groups. We determined both the threshold UVA dose using the high-intensity CXL procedure and identified an effective dose range that provides optimal CXL with minimal transient side effects in the rat cornea. These results may help to provide insight into how to improve the CXL outcome in patients afflicted with a severe corneal thinning disease.
Introduction
Corneal collagen cross-linking with riboflavin and UVA is the preferred treatment modality to strengthen biomechanical corneal properties and halt keratoconus progression as well as stabilize ectasia [1] [2] [3] . The standard CXL procedure firstly introduced by Wollensak et al [1] for patient use includes delivering UVA irradiation of 3 mW/cm 2 combination with applying a 0.1% riboflavin solution as long as the corneal thickness is at least 400 μm [4] . On the other hand, the high-intensity (accelerated) CXL procedure applies the same dose as that used in the standard procedure by increasing the intensity even though UVA irradiance time is shortened. This modification increases patient comfort. Although CXL is still a relatively new procedure extensively used in clinical practice, it is still undergoing further development for improving its outcome with minimal side effects. Such a need is apparent because in some clinical cases, involving infectious and non-infectious stromal melting, corneal perforation and sterile infiltrates appear after CXL [5] [6] [7] [8] . Accordingly, improvement of the CXL procedure is supported by determining the effects that it has on ocular surface cellular and molecular properties as well as immune privilege.
The safety and potential phototoxic effects of different UVA doses in the CXL procedure on the endothelial layer have been described in ex vivo porcine corneas [3] and in vivo rabbits [9, 10] . F Wang [11] firstly used a mouse model in which UVA irradiation combined with riboflavin induced stromal apoptosis in vitro. In this study, the UVA intensity was reduced below 1.2 mW/cm 2 whereas a higher riboflavin concentration was applied because their deepithelialized corneal thickness is only 75μm [12] . These changes were effective in preventing loss of the corneal endothelial layer. The Hafezi [13, 14] group analyzed the effects of a fluence range on the biomechanical and morphological characteristics of murine corneas in order to identify UVA intensities that optimize increases in biomechanical strength without exceeding the threshold intensity for inducing endothelial cell layer damage. Even though the results obtained with the in vivo mouse model are informative in defining underlying cellular and molecular pathways activated by CXL treatment, they may differ from those in humans whose corneal thickness is about five-fold greater than in mice.
In some clinical studies, CXL treatment was effective in managing pellucid marginal degeneration [15] , infectious keratitis [16] and had the potential to heal corneal ulcers [17, 18] . However, the underlying mechanisms are poorly understood that alleviate the symptoms of infectious and immunologic corneal thinning diseases. The rat is a viable model to deal with these issues since its corneal full thickness is approximately 160 μm which can approach some of the thicknesses reported in human corneal thinning diseases [19] . Another reason for using the rat model is that Bowman's membrane is absent which mimics what occurs in some human pathological corneal conditions such as infectious ulcers, stromal melting and pellucid marginal degeneration [20] . Furthermore, the rat corneal MHC antigen expression pattern is controllable and similar to that in humans [21] . Accordingly, identifying the appropriate experimental conditions for obtaining a desirable stromal CXL outcome is relevant for performing the high-intensity CXL protocol in patients whose corneas have become infected or shrank due to activation of an immunological response.
We define here the threshold UVA dosages for obtaining an effective and safe corneal CXL outcome with the high intensity UVA protocol in rats. Efficacy of CXL was evaluated based on increases in the resistance to enzymatic digestion and extent of stromal apoptosis. Safety was evaluated based on extent of recovery of endothelial cell layer and ocular surface integrity and intactness.
Materials and methods

Theoretical CXL parameters
In order to predict a safe and effective high-intensity CXL protocol for the rat model, the standard CXL protocol UVA dose and duration were reduced since the rat thickness is much less than that in the human. Two equations derived from Lambert-Beer law were used for this purpose [14] . The human corneal endothelial cell layer UVA damage threshold was set at 0.18 mW/cm 2 [22] . Based on this analytical approach, a 0.22% riboflavin solution in conjunction with a UVA dose of 2.2 J/cm 2 were predicted as being safe and effective.
Study design
All procedures were approved by the Animal Care and Ethics Committee of Wenzhou Medical University, Zhejiang, China, and adhered to the (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research (S2 File). Eight-to-10-week-old male Sprague-Dawley rats (n = 108) were randomly separated into two sets and exposed to UVA doses according to the Bunsen-Roscoe law of reciprocity between irradiation intensity and duration shown in Tables  1 and 2 . Both sets composed of 108 rats were exposed to 9 mW/cm 2 and 0.22% riboflavin. For the first part of the study, 60 rats were equally separated into 10 groups. The UVA irradiation dose was consecutively reduced through steps indicated in Table 1 to determine the CXL threshold level. Resistance to enzymatic digestion of the rat cornea was used as an index of CXL efficacy. This assessment is based on the time required to completely dissolve the tissue. Increases in efficacy are associated with prolongation of time required for total tissue dissolution due to its compaction. This occurs because compaction masks proteolytic sites from enzymatic access [23, 24] . In another assessment using 12 rats from each group, UVA doses were increased in steps above a theoretical maximum UVA threshold to determine their individual effects on the ocular surface, endothelial layer integrity and intactness, as well as keratocyte apoptosis.
Corneal cross-linking procedure
Anesthesia was administered by intraperitoneal injection of ketamine hydrochloride (50-75 mg/kg), xylazine hydrochloride (5 mg/kg), and proparacaine eye drops were topically applied. Corneas were mechanically de-epithelialized spanning a 5 mm diameter. Isotonic 0.22% riboflavin solution eyedrops [10 mg riboflavin in 4.5 ml of 20% dextran T-500 solution (Peschke GmbH, Nürnberg, Germany)] were instilled every 3 min for 30 min. Riboflavin penetration into the anterior chamber was evaluated with slit lamp biomicroscopy using blue light. The limbus and conjunctiva were protected by covering this region with a metal ring affixed to the rat head, designed and produced by the authors, which left only the de-epithelialized cornea exposed to UVA irradiation. The right eye was irradiated at a surface intensity of 9 mW/cm 2 for varying times listed in Table 1 (UV-360, Medical Photon Corp, Xiamen, China; Fig 1) . The indicated riboflavin solution was reapplied topically to the corneal surface every 5 min. Following CXL, Tobramycin eye drops (Tobradex; Alcon Laboratories, Inc) were administered four times daily until the corneal epithelial wound healed. 
Enzymatic digestion
Following CXL treatment, a 6 mm full-thickness tissue biopsy was trephined from the center of each cornea. The corneal disks (6 from each group) were placed in individual tubes containing 0.5 mL 0.3% collagenase solution (active agent: Clostridium histolyticum) (Sigma-Aldrich, Shanghai, China) and diluted in Dulbecco's Phosphate Buffered Saline (DPBS, Sigma-Aldrich) and incubated at 37˚C in a bath placed on a platform rotating 175 times per min [24] . The extent of tissue digestion was monitored every 30 min for the first 2 h and after that every 15 min until the tissue had been solubilized. Anterior segment optical coherence tomography A described custom built, high speed, ultra-high resolution spectral domain optical coherence tomograph (UHR-OCT) postoperatively assessed corneal CXL outcome on day 3, 7, 14, 28 and 42 [26, 27] .
In vivo confocal microscopy
The anesthetized rats (6 rats in each group) were examined pretreatment and post-CXL from day 1 to 42 and compared to control eyes with both a scanning laser IVCM and the Heidelberg Retina Tomograph III (HRT III), Rostock Cornea Module (RCM; Heidelberg Engineering, GmBH, Germany). The mean corneal thickness was calculated by URH-OCT and in vivo confocal microscopy based on the depth difference between the most superficial and the deepest corneal structures. Endothelial cell densities were evaluated using a built-in software program that expressed the number of marks in terms of cells per square millimeter.
Immunofluorescent staining
Keratocyte damage was evaluated with a fluorescence-based TUNEL assay (In Site Cell Death Detection Kit; Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions. The images were photographed with a laser scanning confocal microscope (LSM710; Zeiss coupled to a krypton-argon and He-Ne laser; Carl Zeiss Meditec, Sartrouville, Germany) at 20 × magnification. The mean number of keratocytes was determined by counting them in five non-overlapping areas (0.1 mm × 0.1 mm) of three separate corneal sections.
Transmission electron microscopy
Three rats from each group were sacrificed on day 7, The enucleated bisected corneal sections were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4˚C. Samples were sequentially processed in 1% osmium tetroxide for 1 h. The tissues were dehydrated in a graded ethyl alcohol series and embedded in Epoc 812. The ultrathin sections were cut using a RT-7000 (RMC, USA), stained with uranyl acetate and lead citrate, and then examined with a transmission electron microscope (H-7650; Hitachi, Tokyo, Japan) at 80KV voltage.
Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM) where appropriate. Analyses were performed using SPSS 19.0 software (IBM SPSS Statistics, IBM Corporation, Chicago, IL). The p value was determined using the Mann-Whitney U test and the Kruskal-Wallis test. p < 0.05 was considered statistically significant.
Results
UVA dose dependent effects on resistance to enzymatic tissue dissolution
At each UVA dose above a threshold of 0.54 J/cm 2 provided by exposing corneas to 9 mW/ cm 2 for 1 min, enzymatic resistance to tissue dissolution increased based on prolongation of the time required for this process to go to completion (Table 3 , p < 0.01). On the other hand, exposure to this UVA intensity for only either 10, 20 or 30 sec did not extend the time required for enzymatic digestion to times greater than those needed to dissolve control corneas.
Clinical evaluation
Slit lamp examination revealed mild corneal edema and loss of epithelial continuity and breaching of the barrier function in the central area of each CXL-treated group on posttreatment day 1. In the CXL-2.16 and 2.7 groups, corneal transparency was restored in all cases after 7 days whereas they remained edematous and opalescent in the CXL-3.24 group, which is consistent with disappearance of the endothelial cell layer (Fig 2A) . At 42 days post CXL, only those corneas in the CXL-2.16 and 2.7 groups appeared transparent. Compared to the control group, at day 3 after CXL the inflammatory index increased in all the CXL-treated groups. In the CXL-2.16 and CXL-2.7 groups, these effects reversed back to their baseline values at day 7 and day 14 respectively, whereas in the CXL-3.24 group its level remained high until day 28 (p < 0.01, Fig 2B) . Seven days after CXL, UHR-OCT showed that in the CXL-2.16 and 2.7 groups the upper corneal epithelial layers regained cell to cell contact. However, the cells appeared edematous which disrupted their margin integrity in the CXL-3.24 group without undergoing recovery (Fig 3) . At day 28, the CXL-3.24 stroma was compacted along with scar formation in the central region. In this group, on day 1 after performing the CXL procedure, confocal microscopy examination revealed stromal lacunar edematous regions associated with keratocyte losses in all the CXL-treated groups (Fig 4A) . On day 14, stromal keratocyte proliferation was observed in all three groups.
Corneal thickness
The mean corneal thickness was 153±4 μm in the control and treated groups prior to treatment. In the CXL 2.7 and 3.24 J/cm 2 treated groups, their thicknesses increased significantly to reach 180 and 200 μm, respectively, on day 3 (p < 0.01). From day 7 onwards, neither the CXL 2.7 J/cm 2 nor 2.16 J/cm 2 groups underwent any more significant thickness changes and had reversed to values similar to those in untreated corneas. In the CXL-3.24 group, its thickness remained significantly greater than the control until day 14 (p < 0.01). By day 28 posttreatment, it decreased to baseline value. In the 2.16 J/cm 2 group, the thickness tended to increase by day 3 without reaching significance and it returned to normal by day 7 (Fig 4B) .
Keratocyte density losses
In the CXL-2.16 group, the integrity of the mid-posterior stromal region remained essentially unchanged compared to that in the control group. In contrast, with the CXL 2.7 group, most of the keratocytes were apoptotic at all depths in the stroma on day 3 after CXL. This trend became more apparent in the CXL-3.24 group (Fig 4) . In the CXL-2.16 group, TUNEL-positive cells were localized to the superficial anterior stroma on posttreatment day 3. Apoptotic frequency throughout the stroma became progressively more evident in the CXL-2.7 and CXL-3.24 groups. In the latter group, the few remaining endothelial cells were apoptotic ( Fig  5A) . On the other hand by day 3 after CXL treatment, keratocyte frequencies in the three CXL treated groups were significantly lower than those in the untreated cornea (p < 0.001). The keratocyte counts significantly decreased in the CXL-2.7 and 3.24 groups compared with the CXL-2.16 group (p < 0.001, Fig 5B) . Table 4 shows the time dependent recovery of endothelial cell density as a function of CXL dose. In the CXL 3.24 group, the endothelial cells became edematous from days 1 to 7 followed by complete endothelial cell disappearance. Endothelial damage from day 14 to 42 persisted and endothelial cell densities were still significantly less than in the control group. The CXL-2.7-induced decline in endothelial cell density fully reversed by day 28. Irradiation of 2.16 J/ cm 2 seemed not to inflict significant endothelial cell damage (Fig 4A, Table 4 ).
Endothelial cell density recovery
Ultrastructural changes
The micrographs shown in Fig 6 indicate that the anterior stromal collagenous architecture was a more compacted matrix than that in the untreated corneas with some apoptotic cell figures in all CXL-treated corneas. The endothelial layer was relatively free of them in the CXL-2.16 group.
Discussion
We determined the threshold UVA dose needed to induce collagen CXL as well as the optimal UVA dose range whose side effects are minimal and reversible in rat corneas. Such a , corneal transparency was maintained, while 3.24 J/cm 2 is too high a dose because losses in central endothelial cell density were more extensive and irreversible. Therefore, a UVA dose of 2.7 J/cm 2 is the maximum dose for inducing CXL without eliciting irreversible losses in endothelial cell density and stromal integrity in the rat.
The association between increases in UVA doses and enzymatic resistance to tissue dissolution was used to evaluate collagen CXL efficiency [23, [28] [29] [30] . Taking into account the differences in corneal thickness, the threshold UVA dose of 0.54 J/cm 2 in the rat is in accord with the reported values in the mouse and human of 0.09 [13] and 5.4 J/cm 2 [1] , respectively whose values reflect differences in corneal thicknesses from 100 to 530 μm, respectively. It has been suggested that greater oxygen availability with thinner corneas helps explain why lower UVA doses are safe and effective in these animal models [13] . Assessment of non-specific stromal effects showed that UVA dose dependent increases occurred in the ocular inflammatory index and stromal apoptotic frequency. UVA irradiation of 2.16 J/cm 2 seemed not to inflict significant endothelial cell damage whereas the inflammatory index and corneal thickness tended to increase by day 3. Corneal stroma edema and hyperemia may explained by cornea immune responses induced after CXL treatment [31] . Even though in all cases the increases in the inflammatory index were fully reversible 28 days after treatment, the corneas treated with 3.24 J/cm 2 failed to become transparent. In vivo confocal microscopy showed that with a UVA dose of 2.16 J/cm 2 keratocyte damage was limited to the superficial stroma. In contrast, with 2.7 J/cm 2 this damage was more evident and more extensive in the stroma. At the highest dose of 3.24 J/cm 2 , epithelial denudation was irreversible. These alterations are consistent with those seen in electron micrographs and TUNEL assays. Furthermore these effects are similar to the described structural changes and keratocyte losses with the standard CXL procedure in humans [32] and rabbits [33] . In transmission electron micrographs of CXL treated rabbit and human corneas, keratocyte losses due to apoptosis were accompanied by anterior stromal collagen fiber compaction [34] [35] [36] . We also found similar collagen structural reorganization in the CXL-treated anterior stroma. Taken together, a UVA dose no larger than 2.7 J/cm 2 is relatively safe since all of its non-selective effects were reversible after no more than 14 days. The standard CXL protocol is contraindicated in patients whose corneas are thinner than 400 μm because of endothelial cytotoxic effects. The results obtained with the CXL-2.16 group in this study may have relevance for applying CXL in diseased corneas undergoing thinning since endothelial cell density did not decrease. A slight decrease in endothelial density accompanied by some edema occurred in the CXL-2.7 group. Density initially fell to 2220±83 cells/ mm 2 on posttreatment day 1, but this decline reversed since in vivo confocal microscopy clearly showed that endothelial cell repopulation occurred which was accompanied by restoration of control endothelial cell layer density and a normal hexagonal cobblestone morphological arrangement 28 days after CXL treatment. This reversal agrees with reports describing that the rat endothelium undergoes time dependent functional recovery based on eventual restoration of corneal transparency accompanied by increases in proliferation and migration after surgical damage [37] . In contrast, no endothelial cells were detected 7 days after CXL-3.24 CXL treatment. Even after 42 days recovery was incomplete indicating that this UVA dose is too injurious and ill advised. These results suggest that the maximal UVA dose for high-intensity CXL should not exceed 2.7 J/cm 2 . With our CXL protocol, irradiation was performed in a centered fashion over an 8 mm diameter area and a metal ring was placed over the limbus to shield it from UVA exposure. This was done to prevent partial irradiation of the limbus and conjunctiva. Such precaution seemed to be effective because epithelial regeneration occurred normally in the absence of any signs of limbal stem cell deficiency.
In conclusion, the high-intensity CXL protocol has a CXL threshold of approximately 0.54 J/cm 2 in the in vivo rat model. At UVA doses up to approximately 2.7 J/cm 2 stromal crosslinking occurs with reversible endothelial cell damage and transient declines in keratocyte viability. These results will help to identify other possible risks and ocular immune responses that could compromise the outcome of this procedure if used on patients afflicted with a corneal thinning disease. They may also be helpful in developing new and more efficient CXL protocols to treat human corneal disorders such as infectious corneal ulcers and immunologic corneal thinning diseases. 
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